Introduction members of these neuronal MAPs are two proteins, MAP2 and tau, that share homologous tubulin-binding The formation of circuitry in the developing nervous sysdomains (Lewis et al., 1988) and that are concentrated tem is a process of exploration followed by consolidain the dendritic or axonal compartment of polarized neution. From early on in the investigation of neurite formarons respectively (Bernhardt and Matus, 1984 ; Binder tion, both in the developing nervous system and in tissue et al., 1985; Craig and Banker, 1994) . Sufficient concenculture, it has been recognized that the exploratory trations of either protein can induce the rearrangement phase depends on an actively motile growth cone while of microtubules in non-neuronal cells into patterns that consolidation depends on the formation of anatomically reflect features of the neuronal phenotype. These inmore stable axons and dendrites (Harrison, 1910; clude the formation of long bundles that are capable of mon y Cajal, 1960; Dodd and Jessel, 1988) . Changes in inducing stiff processes on non-neuronal cells (Knops the organisation of the cytoskeleton, and particularly Chen et al., 1992; Edson et al., 1993) . The of microtubules, are strongly implicated in the cellular involvement of these proteins in neuronal process formechanism underlying the transition between these two mation is further suggested by experiments with antistates (Matus, 1988; Mitchison and Kirschner, 1988;  sense oligodeoxynucleotides where the lowering of tau Heidemann and Buxbaum, 1990; .
or MAP2 levels was correlated with the inhibition of axon Dependence on microtubules for the growth and mainteor dendrite growth (Caceres and Kosik, 1990 ; Caceres nance of axons and dendrites has been demonstrated et Sharma et al., 1994) . Current insights into the behavior of microtubules inby the retraction of neurites that occurs when primary side axonal growth cones are based on experiments in neurons growing in culture are exposed to drugs that which cultured neurons were microinjected with fluoresinduce microtubule depolymerization (Bray et al., 1978;  cently labeled tubulin (Tanaka and Kirschner, 1991; Matus et al., 1986) . A direct role for microtubules in Sabry et al., 1991) . The results of these studies indicate mediating the transition from growth cone to neurite that target-oriented growth of axons depends on direcis suggested by the presence in advancing neurites tion-selective retention of microtubules in stable bunof thick bundles of apparently stable microtubules dles. It has been suggested that neuronal MAPs, which whereas growth cones contain unpolymerized tubulin are abundant in growing neuronal processes, are likely together with relatively few single microtubules that are candidates for mediating this function (Matus, 1988 ; Talabile and exhibit dynamic instability (Bamburg et al., naka and Sabry, 1995) . Thus a key question regarding 1986; Tanaka and Kirschner, 1991) . Shaft microtubules these putative functions of the neuronal MAPs is their also contain tubulin that is acetylated and detyrosinated, influence on the dynamic state of microtubules in axons and dendrites. The introduction of green fluorescent protein (GFP) as a tag for visualizing proteins in vivo . Whereas GFP alone was evenly distributed throughout the cell volume, adducts of GFP and MAP2c bound to microtubules with the same apparent efficiency whether the GFP was added to either the N-or the C-terminus. Alterations to the distribution of microtubules produced by GFP-MAP2c or MAP2c-GFP were indistinguishable from one another. Scale bar, 10 m.
( Chalfie et al., 1994) has now made feasible a direct lines including HeLa, CHO, and PLC. In all cases, GFP itself showed no affinity for intracellular structures and approach to studying the influence of accessory proteins on microtubule dynamics (Olson et al., 1995) . In was distributed evenly throughout the cytoplasm and nucleus ( Figure 1B ). By contrast, GFP-tagged MAP2c the experiments reported here we used GFP attached to MAP2 and tau to examine their effect on microtubule and tau23 bound to cytoplasmic microtubules and induced the formation of bundles similar to those dedynamics in living cells. The results suggest that these MAPs stabilize microtubules while preserving their dyscribed in previous studies using unlabeled MAPs (Lewis et al., 1989; Kanai et al., 1989 ; Lee and Rook, namic character, a property which has important consequences for the capacity of established neurites to un-1992; Weisshaar et al., 1992) .
To check whether these effects were influenced by dergo plastic changes.
the presence of GFP, we prepared MAP2c with GFP fused to either the N-or C-terminus, reasoning that if Results the performance of MAP2 were affected by the addition of GFP, it should vary according to which end of the GFP-Tagged MAP2 and Tau Are Functionally Intact cDNA encoding Aequorea victoria GFP was modified by coding sequence it was attached. Both constructs produced comparable binding and bundling of microtuthe inclusion of the fluorescence-enhancing mutation S65T described by Heim et al. (1995) and introduced bules ( Figures 1C and 1D ). The dynamic properties of microtubules containing GFP-MAP2c or MAP2c-GFP, into a vector containing the chicken ␤-actin promoter that drives high level expression in cultured cells (Ludin described below, were also indistinguishable, indicating that the addition of GFP does not significantly alter et al., 1996b) . This vector was used to prepare GFP fusion constructs of the MAP isoforms MAP2c and tau23 MAP2 function. Since the C-terminal domains of MAP2 and tau are highly homologous (Lewis et al., 1988 ; see ( Figure 1A ). These isoforms were chosen because they are selectively expressed during process formation in Figure 1A ), GFP-tagged tau constructs were made with the GFP fused to the C-terminus. In the course of this the developing nervous system (Goedert et al., 1991) . These fusion constructs as well as GFP alone were exstudy, we examined several hundred cells transfected with MAP2 and tau constructs. Antibody staining of fixed pressed by transfection in a variety of non-neuronal cells feature of these recordings was that after shrinking microtubules showed a pronounced tendency to regrow along the same path as they had previously occupied. This behavior was shown both by MAP-containing microtubules and by control microtubules without MAPs (compare Figures 3B and 3C ). The same phenomenon has been remarked in previous studies of microtubule dynamics in fibroblastic cells (Schulze and Kirschner, 1988) and probably reflects the restricted nature of free space in normal cytoplasm (Luby-Phelps and Taylor, 1988) .
In the course of the experiments described above, we also studied the behavior of MAP2-and tau-decorated microtubules that encountered obstacles during growth. Examples are shown in Figure 4 where the recordings captured events involving the interaction between growing microtubules (colored red) and the cell cortex ( Figure  4A ) or other obstacles, presumably microtubules (colored blue, Figure 4B ), that successively blocked its path. In both cases, the growing microtubule buckled when After treatment with cytochalasin B (10 g/ml) for 30 min, a cell generated, as it continued to grow longer without being expressing MAP2c-GFP produced a set of straight processes as able to extend. This is illustrated in Figure 4A where the previously described for unlabeled MAP2c. Scale bar, 10 m.
microtubule retained its attachment to the centrosomal organizer (c) throughout the recording. In Figure 4B , the cells showed identical patterns of GFP-tagged MAPs microtubule underwent a sudden spring-like reextenand tubulin labeling (data not shown), indicating that sion after overcoming the first barrier (see also video the MAPs bound evenly to all microtubules. Consistent recording), then continued to grow steadily in a straight with previous observations (Edson et al., 1993) , transline until an encounter with a second microtubule infected fibroblastic cells grew processes containing bunduced buckling again ( Figure 4B , last two frames). This dled microtubules when their cortical actin cytoskeleton shows that the force generated by tubulin polymerizawas weakened by treatment with cytochalasin ( Figure 2) . tion is strong enough to overcome the flexural rigidity of the MAP-stiffened microtubule.
Dynamics of Individual Microtubules
Cells expressing MAP2 or tau contained not only microtubule bundles but also individual microtubules. Our Dynamic Activity in Microtubule Bundles A major question regarding the plasticity of neuronal interpretation of the thinnest, uniformly fluorescent tracks as individual microtubules is based on their posprocesses concerns the dynamic state of microtubules inside bundles and the bundles as a whole. Owing to sessing an apparent fluorescent width (250 Ϯ 10 nm) consistent with the measured widths of fluorescent imthe limited resolution of light microscopy, it is essentially impossible to resolve the activity of bundled microtuages of single microtubules (240 Ϯ 10 nm) that were confirmed by electron microscopy in previous studies bules within the confines of neuronal processes (Tanaka and Kirschner, 1991; Sabry et al., 1991) . The same ap-(Sammak and Borisy, 1988; Sabry et al., 1991) . In video time-lapse recordings, individual microtubules showed plies to thick, MAP-induced bundles in transfected nonneuronal cells. However, it is possible to examine the typical dynamic instability behavior, i.e., alternation between phases of growth and shrinkage ( Figure 3 ). terminal region of such bundles are revealed by observed changes in fluorescence intensity ( Figure 5 ). Dyfirst grew (frames 1 to 2), shrank briefly (frames 2 to 3), and then resumed growth (frames 3 to 4). Similar namic microtubules were detected in over 95% percent of the small bundles with both MAP2c and tau23 and alternating growth and shrinkage was shown by microtubules in cells expressing tau-GFP ( Figure 3B ). As prethus represent a general phenomenon. Measurements of these events is limited because light microscopic viously shown (Sammak and Borisy, 1988; Schulze and Kirschner, 1988) and confirmed here in Figure 3C , microresolution is not sufficient to establish whether successive episodes of growth or shrinkage from a bundle tubules show similar behavior in normal, untransfected CHO cells that have been microinjected with rhodamineinvolve the same or a different microtubule. For this reason, the diagrammatic representation shown in the labeled tubulin. The rates of growth and shrinkage that we observed for MAP2-containing and tau-containing bottom row of Figure 5 refers to changes in polymer mass and should not be interpreted as reflecting the microtubules in transfected CHO cells are within the range previously reported for microtubules in untransbehavior of particular identified microtubules. What it does indicate are the changes in fluorescent intensity fected cells of the same type (Table 1) . A noticeable along the length of a microtubule bundle resulting from . To asses the influence of this dynamism on the microtubular cytoskeleton over longer perithe independent dynamic activity of individual microtubules. This interpretation is supported by visual inspecods, we also made recordings of MAP-expressing cells over 6 hr ( Figure 6 ). These showed that MAP-transfected tion of the time-lapse video sequences, which give a clearer picture of the dynamic events due to the ability of cells retain a high degree of cytoskeletal and morphological plasticity despite the presence of prominent microthe human eye to integrate movement over time. Visual comparison of video sequences also indicates that the tubule bundling ( Figure 6A) . A significant feature of these long duration recordings was the complete disappearrates of growth and shrinkage of microtubules in these bundles are similar to those of single microtubules.
ance of some microtubule bundles and the growth of others. Figure 6B shows events in the area (outlined by The above results relate to recordings of microtubule dynamics made over short periods, typically 3 min, square marks in the first frame of Figure 6A ) at higher time resolution. Over a period of approximately 2 hr an which encompasses the time scale of dynamic instability previously determined for fibroblastic cells (Cassimentire microtubule bundle (indicated by the arrowhead in the first frame) vanished. This disappearance did not eris et al., 1988; Sammak and Borisy, 1988; Schulze and occur by the bundle shrinking from one end but by the progressive loss of microtubules along its entire length. By contrast the extension of microtubule bundles, like the one shown in the area indicated by the square marks on the last frame of Figure 6A and in more detail in Figure 6C , typically occured by growth at the distal end. It is also noteworthy that disappearance events occured in bundles that were bent, often as the bundle was compressed by local narrowing of the cell as in Figure 6 , whereas net growth occured on the ends of relatively straight bundles extending into lamellar areas at the cell periphery where their straightness suggests that compression was absent. Occasionally, we observed local splaying in the middle of bundles that were compressed, suggesting that these microtubules were not cross linked (data not shown). Taken together, these observations imply that changes in cell shape, mediated by the cortical actin cytoskeleton, initiate and regulate changes in MAP-containing microtubule bundles. To examine this possibility further, we exposed transfected CHO cells to 8-bromocyclic-AMP (8-Br-cAMP), which reversibly produces lamellipodial expansion of the cell surface. Thirty five cells were examined before, during, and after drug treatment, including 10 where time-lapse recordings were made throughout the sequence of drug application and removal. Twenty nine cells showed obvious lamellipodial expansion, which was correlated with essentially similar changes in microtubule arrangement. Figure 7 shows frames from one recording. During the first 15 min of recording, before the 8-Br-cAMP was applied, there was no significant change in cell shape or microtubule organization (Figure 7 , frames 1 and 2). Shortly after the addition of 1 mM 8-Br-cAMP, lamellipodia developed and the expanding cytoplasm was invaded by MAP2c-containing microtubules (Figure 7 , frames 3 and 4). When the 8-Br-cAMP was subsequently washed out the lamellipodia retracted and the microtubule bundles were driven back into the reduced profile of the cell ( Figure  7 , frames 5 and 6).
Discussion

Microtubules Containing MAP2 and Tau Are Dynamic
The experiments presented here show that even in cells expressing high levels of MAP2-GFP and tau-GFP microtubules remain dynamic. Single microtubules in cells expressing either protein showed typical dynamic instability behavior, alternating between phases of growth and rapid shrinkage. In addition, the rates of growth is most likely due to suppression of transit into the buckling (last two frames). (B) A MAP2c-containing microtubule, colored red, encounters an obstacle (presumably another microtubule, colored blue) in the second frame and buckles as it continues to grow (frame 3). After passing the obstacle it straightens rapidly (frame 4) as it continues growing until it encounters a second (frame 6). Scale bar, 5 m. Refer to the internet address for the full obstruction (frame 5) that induces a second buckling episode video sequence of (B). shrinking phase (catastrophe) and promotion of transiapparent contradiction between the status of MAP2 and tau as microtubule "stabilizers" and our results showing tion back to the growing phase (rescue), both of which that microtubules remain dynamic in their presence. Staare effects that have been documented in vitro (Itoh and bilization of microtubules by MAPs is signaled by their Hotani, 1994; Bre and Karsenti, 1990; Drechsel et al., increased resistance to depolymerization by cold and 1992; Pryer et al., 1992) . This behavior has significant drugs (Lewis et al., 1989; Drubin and Kirschner, 1986 ; implications for microtubule function in neuronal pro- Takemura et al., 1992; Doll et al., 1993) which is correcesses, where MAP2 and tau normally occur. Under lated with the accumulation of posttranslational modifiequilibrium conditions in vitro, dynamically unstable mications of ␣-tubulin (Cumming et al., 1984 ; Bulinski and crotubules show a time-dependent increase in the mean Gundersen, 1991; Takemura et al., 1992) . Because dylength of individual filaments coupled with a decrease namic activity occurs primarily at the distal ends of miin microtubule number (Mitchison and Kirschner, 1984) . crotubules as they get longer, subunits in their proximal This occurs because transitions between the growing regions are increasingly excluded from the dynamic inand shrinking phases are rare; if they were frequent stability cycle (Wordeman and Mitchison, 1994) . As a there would be little net microtubule elongation (see consequence, an increasing proportion of each microtu- Mitchison and Kirschner, 1984) . The suppression of cabule is isolated from the disruptive effects of cold and tastrophe and promotion of rescue by the MAPs should drugs, which also allows time-dependent modifications accentuate this tendency of dynamic instability to inof ␣-tubulin to accumulate. These effects occur not only crease the mean length of microtubules and decrease in MAP-transfected fibroblasts but also in neuronal protheir number. The in vitro studies cited above, where cesses where the distal ends of individual microtubules microtubules grown with or without MAPs were comare drug-labile and lack modified ␣-tubulin whereas pared, have confirmed this expectation (Itoh and Hotani, "older" proximal segments bear the ␣-tubulin modifica-1994; Bre and Karsenti, 1990; Drechsel et al., 1992; Pryer tions and are more stable to drugs (Cumming et al., et al., 1992) . Indeed the neuronal MAPs are extremely 1984; Baas and Black, 1990; Ahmad et al., 1993) . This potent in this respect; addition of tau to tubulin at a contrast in dynamic status is particularly conspicuous molar ratio of 1:15 more than doubled mean microtubule at the growth cone-neurite boundary, where the notably length and completely suppressed the class of short dynamic microtubules in the growth cone are more senmicrotubules found when pure tubulin was assembled sitive to drugs and lack modified ␣-tubulin compared (Bre and Karsenti, 1990) . This same pattern, of fewer, to microtubules in the neurite (Mansfield and Gordon longer microtubules, is also found when MAP2 or tau Bamburg et al., 1986 ; Tanaka and Kirschare expressed in non-neuronal cells (Kanai et al., 1989; ner, 1991) . Lewis et al., 1989; Weisshaar et al., 1992 , this study).
The mode by which MAP2 and tau stabilize microtuThe action of the neuronal MAPs in suppressing instabules has important consequences for the capacity of bility transition thus replicates one of the most characestablished neurites to undergo plastic changes. A genteristic features of microtubules in neuronal processes, eral suppression of microtubule dynamics by the MAPs namely their extreme length (Bray and Bunge, 1981;  would lead to a static microtubular cytoskeleton consequently inhibiting morphological plasticity. On the other Burton, 1987). It also suggests an explanation for the These three frames are taken from a 6 hr long time-lapse recording of a single cell (times given at the top right corner of each panel) during which frames were captured every 2 min. During this time the cell underwent substantial changes in cell morphology that were correlated with extensive remodelling of the microtubule population (A). The white box markers indicate the areas shown in detail in (B) and (C). (B) A microtubule bundle that was flexed under compression (arrowhead) grew thinner and disappeared over a period of 2 hr. (C) Growth of bundled microtubule into an expanding peripheral lamella over a period of 10 min. Refer to the internet site for the original video sequence. Scale bars, 10 m (A), 5 m (B and C).
hand, increasing the stability of microtubules while prephenomenon is theoretically determined by the flexural rigidity of the microtubule. Previous experiments, both serving their dynamic properties allows them to follow and support plastic changes in neurite morphology.
in vitro and in vivo (Dye et al., 1993; Kurachi et al., 1995; Ludin et al., 1996a) , have indicated that MAP2 and tau Tubulin polymerization at the ends of microtubules generates a force that results in the buckling of normal increase microtubule rigidity. Our results here show that, even in the presence of MAP2 and tau, the force genermicrotubules when they encounter obstacles during growth. The compressive force needed to induce this ated by tubulin polymerization is still sufficient to elicit Cells expressing MAP2c-GFP were recorded for 15 min during which there was little change in cell shape or microtubule distribution (frames 1 and 2). At 15 min, the medium was changed to one containing 1 mM 8-BrcAMP, producing lamellipodial expansion of the cell surface into which MAP2c-microtubules grew (frames 2 and 3). Following washout of the 8-Br-cAMP the cell surface reverted toward its previous configuration with the microtubule arrangement adjusting correspondingly (frames 4 and 5). Scale bar, 10 m.
obstruction-induced buckling (Figure 4). This suggests Dynamics of MAP-Induced Microtubule Bundles
The events of dynamic instability discussed above take that stiffness is still the limiting factor in determining the protrusive force that MAP-decorated microtubules can place over a time scale of minutes. Longer term observations, over the course of several hours, revealed another generate. This suggests in turn that MAP-induced stiffening increases the maximal protrusive force of assemclass of slower dynamic events involving the growth and disappearance of entire microtubule bundles. Unlike the bling microtubules, a property which may be instrumental in supporting neurite outgrowth. However, it does short term dynamics of single microtubules, which are intrinsic and stochastic, these longer term changes in not imply that the polymerization of MAP-supported microtubules is the primary event in neurite formation. bundles were obviously influenced by cell shape. Net growth of microtubule bundles occurred mainly where Indeed our finding, discussed below, that the growth and arrangement of microtubule follows morphological they were extending into expanding lamellar areas. These growing bundles remained straight suggesting changes at the cell surface, both spontaneous and drug induced, indicate that the role of the MAPs is to support that they were not being compressed. By contrast, bundles which disappeared were bent into arcs, evidently rather than to initiate process outgrowth. This enhancement of supportive function without arresting microtuin response to tension exerted by the cortical cytoskeleton. Particularly where microtubule bundles were being bule dynamics is the significant contribution that MAPs make to cytoskeletal plasticity in developing neurites.
compressed by cell narrowing, as in the case shown in Figure 6 , complete disintegration of the bundle often clear whether this final act in the establishment of a neurite is initiated by microtubule bundling, leading to followed. Since we did not observe microtubules breaking, this appears to be a direct consequence of bending collapse of the surrounding cortical cytoskeleton, or whether tension developed by the actin cortical network acting on the microtubules to induce their depolymerization.
lateral to the microtubules squeezes them into a bundle. It is, however, likely that the microtubules play some Further evidence that changes in cell shape, originating in the cortical cytoskeleton, are responsible for these role in sequestering cortical actin motility in neurons because when microtubules are depolymerized by drug changes in microtubules comes from the experiments in which treatment with 8-Br-cAMP was used to induce treatment lateral filopodia emerge along the length of both axons and dendrites (Bray et al., 1978 ; Matus et lamellipodia. This confirmed that MAP-containing microtubules rapidly invade cytoplasmic space made al., 1986). The results reported here, together with other evidence (summarized by Heidemann and Buxbaum, available for them by expansion of the cell surface. Their withdrawal when the cell surface retracted after the re-1990), strongly suggest that cortical tension plays a major role in regulating the growth of MAP-containing mimoval of 8-Br-cAMP was equally rapid. As the druginduced lamellipodia shrank the extended microtubules crotubules in neuronal processes. were forced into bundles under the cell periphery indicating that tension in the cortical cytoskeleton overImplications for MAP-Containing Microtubules comes the protrusive force of the MAP-supported miin Neuronal Processes crotubules. Interestingly, over the relatively short period
The dynamic activity of MAP-containing microtubules of these drug experiments, these arc-shaped microhas significant implications for cytoskeletal plasticity tubule bundles did not depolymerize. This bendingduring neuronal morphogenesis. The view of MAP2 and induced disappearance thus appears to be the result of tau acting as inhibitors of cytoskeletal plasticity has a slower, time-dependent mechanism, as is also sugbeen challenged by very recent studies showing that gested by longer term recordings of the type shown in both axons and dendrites in organotypic brain slices Figure 6 , where the disappearance of arched microtuare in a state of morphological plasticity. Axons in the bule bundles took over 2 hr to complete. One possible spinal tract show growth of collateral branches from mechanism for this bending-induced depolymerization proximal segments far behind the primary growth cone is that distortion of microtubule lattice shifts the parame- (Bastmeyer and O'Leary, 1996) , while new branches ters of dynamic instability toward a lower probability of have been observed to grow out from proximal segrescue so that once individual microtubules within the ments of pyramidal cell dendrites in the hippocampus bundle begin to shrink they rapidly disappear. Another (Dailey and Smith, 1996) . The ability of MAP2 and tau possibility is that the distortion induced by bending deto stabilize microtubules while preserving their dynamic stabilizes the lattice structure of the microtubule so that properties, as shown in this study, provides a molecular it disintegrates all along its length, a possibility that has basis for these phenomena. been previously proposed on theoretical grounds (Hill and Kirschner, 1982; Heidemann and Buxbaum, 1990) .
Neurite outgrowth is a complex event involving a vari-
Experimental Procedures
ety of molecular mechanisms. For example, recent results suggest that a particular class of motor proteins Plasmids may be involved in dendrite formation (Sharp et al.,
The fusion vectors pBact-NGFP and pBact-CGFP were used to produce constructs of rat MAP2c and human tau23 tagged with 1996). Our present findings provide further evidence for GFP(S65T) on the N-or C-terminus as previously described (Ludin the proposition that microtubule assembly, enhanced et al., 1996b) . The vectors include the chicken ␤-actin promoter, by neuronal MAPs, acts to support process outgrowth.
which drives high levels of expression in cultured cells. The mutation
This function is actively opposed by the cortical actin of serine 65 to threonine in GFP strongly enhances fluorescence cytoskeleton in order to control and regulate neurite at 489 nm excitation wavelength and substantially accelerates the formation (Letourneau et al., 1987; Dennerll et al., 1989;  posttranslational activation of the fluorophore (Heim et al., 1995) . Tanaka and Sabry, 1995; Ludin et al., 1996a) . Interaction between microtubules and actin can also explain other Microscopy
